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SUMMARY
Simulation approaches for fluid-structure-contact interaction, especially if requested to be consistent
even down to the real contact scenarios, belong to the most challenging and still unsolved problems in
computational mechanics. The main challenges are twofold – one is to have a correct physical model for this
scenario, and the other one is to have a numerical method that is capable of working and being consistent
down to a zero gap. And when analyzing such challenging setups of fluid-structure interaction that include
contact of submersed solid components it gets obvious that the influence of surface roughness effects is
essential for a physical consistent modeling of such configurations. To capture this system behavior, we
present a continuum mechanical model which is able to include the effects of the surface microstructure
in a fluid-structure-contact interaction framework. An averaged representation for the mixture of fluid and
solid on the rough surfaces, which is of major interest for the macroscopic response of such a system,
is introduced therein. The inherent coupling of the macroscopic fluid flow and the flow inside the rough
surfaces, the stress exchange of all contacting solid bodies involved, and the interaction between fluid
and solid is included in the construction of the model. Although the physical model is not restricted to
finite element based methods, a numerical approach with its core based on the Cut Finite Element Method
(CutFEM), enabling topological changes of the fluid domain to solve the presented model numerically, is
introduced. Such a CutFEM based approach is able to deal with the numerical challenges mentioned above.
Different test cases give a perspective towards the potential capabilities of the presented physical model and
numerical approach.
KEY WORDS: Fluid-structure-contact interaction; Contact mechanics; Rough surfaces; Poroelasticity;
CutFEM; Nitsche’s method
1. INTRODUCTION
The interaction of two surfaces with fluid in between is of great interest in various engineering and
biomechanical applications. Any surface, no matter if manufactured or naturally occurring, is not
completely smooth but has a microstructure with an average roughness height, which is magnitudes
smaller than the object size itself. As soon as the height of the fluid film between these surfaces is in
the same order of magnitude as surface asperities, surface roughness has an essential impact on the
physical response of such a system. Occurring leakage, lubrication, friction, and wear are of great
importance for the performance of valves, bearings, gears, and tires, for example.
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The challenge to develop a consistent physical model for fluid-structure interaction including
contact lies in the multiscale nature of the considered problem. While at the macroscopic scale the
fluid physics are governed by the well-known Navier-Stokes equations supplemented by a no-slip
condition on the fluid-structure interface, this does not necessarily hold true when solid bodies come
into contact. Solving simply this macroscopic physical model does not lead to contact of submersed
smooth solid bodies due to the increasing viscous stress when the fluid gap gets smaller. Therefore
a finite fluid gap is retained, which is not in agreement with the observation of contacting bodies.
A deeper insight into the underlying physical process of contacting submersed bodies allows to
identify two ways out of this dilemma.
First, the limit of absolutely smooth contacting solid bodies is considered. Taking into account
this assumption, the fluid gap between approaching solid bodies will fall below the validity limit
of the macroscopic fluid dynamic models. As a first consequence a transition of the no-slip
interface condition to a slip interface condition (including in general a surface roughness dependent
sliplength) into the so called “Slip-Flow Regime” (see e.g. [1]), while retaining the validity of the
Navier-Stokes equations in the fluid domain, can be observed. Therefore this local relaxation of
the tangential no-slip condition has to be incorporated in the physical model, while retaining the
no-slip condition for the remaining part of the interface. This results in a consistent physical model
to consider contact of smooth solid bodies with fluid between the contacting surfaces. It should be
pointed out, that the only exception is the case of two parallel plates, where due to the required
acceleration of the fluid mass no contact occurs in finite time.
Second, taking into account that any real surface has a microstructure, this contacting process can
change fundamentally. If single asperities come into contact before the validity of the classical fluid
equations is lost, the contacting process described first cannot hold anymore. From a macroscopic
point of view, contact is enabled in this case via a fluid mass transfer from the fluid domain into
the rough microstructure. Therefore considering the rough microstructure of contacting surfaces
can be essential for a consistent fluid-structure-contact interaction model. This is the case when the
characteristic roughness height is larger than the limiting size of classical fluid equations, which
depends on the considered type of fluid and its molecular mean free path length. In the following
we will focus on the modeling of this second process as it is the relevant one for many problems of
interest.
To analyze and predict such tribological systems for thin fluid films, the Reynolds equation [2],
which can be derived from the Navier-Stokes equation by utilizing assumptions valid for thin
film flows, is widely used. To incorporate the effect of surface roughness without resolving the
surfaces, an averaged Reynolds equation is often used to solve for the averaged fluid pressure, see
e.g. [3–7]. In [8, 9], it is shown that significantly fewer degrees of freedom are required for solving
the homogenized equations compared to the direct equations in order to obtain the pressure field
between rough surfaces. A framework to consider the effects of deformation of structural bodies
interacting via a thin fluid film was presented in [10, 11].
A comparison of numerical solutions for the full spatially discretized fluid momentum and
continuity equations and the Reynolds approach, tested for a problem setup with valid thin film
approximation presented in [12], shows that there is no significant deviation of the results between
both approaches. Nevertheless, with increasing film size this result does not hold any longer, as
the underlying geometrical assumptions of the Reynolds equation become invalid. In this case, the
solution of the full fluid equations seems to be absolutely essential, even though the computational
cost is higher due to the increased number of degrees of freedom as compared to the Reynolds
approach.
In fluid-structure interaction problems, structures of arbitrary shape are deformed by the fluid
traction acting on the interfaces. Herein, the geometry of the fluid domain and all corresponding
interface or boundary conditions, which are given by the structural boundaries and outer boundaries,
are not known in advance. Therefore, fluid equations, like the Navier-Stokes equations, are solved
spatially resolved without including information concerning the fluid domain or boundary/interface
conditions beforehand and are coupled to the structural deformation. Details on such methods
can be found e.g. in [13–15], and in [16–21] with attempts to treat contact of submersed bodies.
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However, none of these methods is able to meet the challenges mentioned above concerning
physical modeling and practicability of the numerical approach. While several of those approaches
are numerically inconsistent down to a zero gap or cannot represent the fluid stress discontinuity
(especially the discontinuity of the fluid pressure) across considered slender bodies, also surface
roughness is typically not considered and the “no-slip” condition is applied on the overall fluid-
structure interface. This is only a reasonable assumption as long as the distance between these
surfaces is large compared to the microstructure of them.
As soon as contact between solid bodies cannot be ruled out, there is no lower limit for the
size of the gap between the surfaces involved. Therefore, effects arising from the roughness of
these surfaces can even dominate the macroscopic overall physical response. Two examples are
the analysis of leakage in seals or the opening pressure in valves. Another example arising in
physical modeling is the “no-collision” paradox that contact between smooth surfaces with “no-
slip” cannot occur in an incompressible, viscous fluid in finite time (see [22, 23]); this is contrary
to the macroscopic observation. For “slip” interface conditions on the colliding surfaces (shown
in e.g. [24]) or non-smooth surfaces (analyzed in e.g. [25, 26]), contact is possible. A physical
explanation for this paradox is the lack of consideration of the surface microstructure. As soon as
the microscopic roughness is treated, solid-solid contact can occur [27].
This aspect highlights the importance of considering the effects of surface roughness to extend
the validity within a fluid-structure interaction framework for specific configurations. However, a
direct resolution of the microstructure with a computational discretization is not practicable for
engineering applications, as the focus of interest is mostly on averaged quantities such as the average
velocity in the fluid gap of a valve or the average pressure in the fluid gap of a bearing. With such
computed averaged quantities, predictions for global quantities such as the leakage flow of a valve or
the load capacity of a bearing can be deduced. Resolving the potentially complex fluid flow between
single roughness asperities is generally not necessary for these types of applications besides the fact
that the exact microstructure is not known at all in most cases.
To reduce the high computational demands arising from a fully-resolving computation, as well
as the necessity to know the exact microstructure, we propose a homogenized model to include
the average physical behavior of the roughness layer into the fluid-structure-contact interaction
framework. While this has not been done for real FSI so far, similar ideas have been successfully
applied to consider roughness within Reynolds equation based formulations. Homogenizing a
domain which consists of a fluid-filled deformable microstructure results in a poroelastic, fluid-
saturated averaged domain. The basic idea of modeling surface roughness as a porous layer can
already be found in [28, 29]. Our novel approach is based on a similar idea but also works for
general fluid-structure interaction problems, applicable for arbitrary shaped domains, including
finite deformations of the solid, topological changes of the fluid domain and rearrangement of all
interface conditions.
Averaging the surface roughness as a poroelastic layer still allows us to account for many
physically essential effects on a macroscopic level, thus in an averaged sense. Examples are the fluid
pressure distribution between contacting bodies, stresses exchanged between contacting solids, the
deformation of the roughness layer and the resulting fluid to solid fraction within the layer. Having
this physical information available allows us to also include additional models to treat specific
physical phenomena of the general problem of colliding bodies in fluid such as, for instance, friction
of mixed lubrication contact or wear, which, however, are not in the focus of this contribution.
In addition to the physical modeling, a potential numerical approximation of the proposed model
will be presented. It is based on spatial finite element discretizations for the structural, the fluid, as
well as the poroelastic domain. It should be pointed out that this is just one possible discretization
technique which allows for approximating the proposed physical model. Alternative approaches,
for example based on the finite volume framework, might be also possible. In the present work,
contact occurring between structural bodies is handled by the dual mortar contact approach [30]
for finite deformations [31]. Topological changes in the fluid domain due to the occurring contact
are enabled by the Cut-Finite Element Method (CutFEM) [32–34] applied to the Navier-Stokes
equations. Interface coupling conditions are introduced weakly by Nitsche-based methods [35–37].
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Figure 1. Typical configuration of an FSCI problem (left). Real surface geometry including the
microstructure of rough bodies before contact (right).
Finally, a so-called monolithic scheme [15,38–40] is applied to solve the global system of equations,
which is beneficial in the case of a strong interaction between all involved domains.
The paper is organized as follows: In Section 2, we depict the porous flow based model for rough
fluid-structure-contact interaction, followed by the presentation of all governing equations for the
different physical domains in Section 3. In Section 4, the coupling conditions on all interfaces
between the occurring physical domains, as well as the interactions of all involved interfaces, are
discussed. Section 5 presents the numerical method applied to solve different exemplary problem
configurations. Three configurations, including a leakage test, a rough surface contacting stamp and
a non-return valve, are presented and analyzed in Section 6. Finally, a short summary and conclusion
is given in Section 7.
2. ROUGH SURFACE CONTACT MODEL
A typical configuration of fluid-structure-contact interaction (FSCI) problems, with fluid domain
Ω˜F and structural bodies occupying domain Ω˜S , is shown in Figure 1 (left). Herein, solid surfaces
do not include any information about their present microstructure. This simplification is a good
approximation regarding interfaces between structural bodies and fluid like ΓFS , where the distance
to the next interface or boundary is large compared to the average height of surface asperities. In this
case, the influence of surface roughness on the physical response of the fluid-structure interaction
system is completely negligible. However, for interfaces ΓFS,c, where the surfaces of solid bodies
approach each other and the size of the fluid gap in between can get very small or even vanish, this
argumentation does not hold anymore. In the following, the term “gap” or “fluid gap” is exclusively
used to specify the normal distance between approaching or contacting surfaces. As soon as the gap
is in the same order of magnitude as the roughness height (see Figure 1 (right)), effects caused by
the microstructure of the surfaces will start to influence the macroscopic physical behavior of the
system. Finally, when first surface asperities start to contact, assuming smooth surfaces is definitely
far off from the physical response of such an FSCI system. As the prediction of effects dominated by
rough surfaces such as, e.g. leakage or lubrication is of great importance, a model to include surface
roughness of these contacting surfaces into an FSCI framework in an efficient computational way
will be presented in the following. The domain of interest ΩP consists of a part of the fluid domain
ΩˆF between the contacting surfaces, as well as the structural domain ΩˆS in the neighborhood of
the rough surface (see Figure 2). The overall domain Ω = Ω˜S ∪ Ω˜F = ΩS ∪ ΩF ∪ ΩP is composed
of the remaining solid domain ΩS = Ω˜S \ ΩˆS , fluid domain ΩF = Ω˜F \ ΩˆF , and the fluid filled
poroelastic domain ΩP = ΩˆS ∪ ΩˆF .
We propose to model this region in a homogenized manner, an approach well known from porous
media mechanics, see e.g. [41–45]. We obtain a poroelastic layer, which describes the fluid flow
and the structural elastodynamics in an averaged sense in every point of the poroelastic domain
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Figure 2. Detailed view of a potential microstructure between the contacting surfaces (left), represented by
a homogenized poroelastic domain ΩP with porosity φ in the proposed model (right).
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Figure 3. Proposed rough surface contact model for fluid-structure interaction, including all computationally
essential domains ΩS ,ΩF ,ΩP and interfaces between these domains ΓFS ,ΓFP ,ΓPS ,ΓPS,c; not in contact
(left), in contact (right).
ΩP . Herein, the porosity φ = vol
(
ΩˆF
)/
vol
(
ΩP
)
specifies the ratio of fluid volume inside the
poroelastic layer. The model describing this poroelastic layer should be able to represent the
influence of structural deformation on the fluid flow and vice versa. Furthermore, the deformation
of the roughness layer, arising from applied external stress or external deformation on the outer
boundaries of the poroelastic layer, has to be considered. A coupling of the poroelastic layer to the
outer fluid flow has to be guaranteed as well. We propose to add a poroelastic layer (at least on
one of the contacting interfaces) to all interfaces ΓFS,c, which potentially come into contact. As the
influence of this porous layer is negligibly small if bodies are not close to contact, a porous layer for
all fluid structure interfaces ΓFS does not seem to be necessary. In Figure 3, a schematic of the final
model for the rough surface FSCI is presented, where all involved physical domains with different
physical principles and the interfaces between these domains are shown. In the following sections,
the governing equations for the whole domain Ω, which is split into three resulting domains, namely
the structural domain ΩS , the fluid domain ΩF and the poroelastic domain ΩP with appropriate
boundary conditions on the outer boundary ∂Ω, are presented. It should be pointed out that the fluid
as well as the structural domain no longer include the volume occupied by the rough surface, as
this is represented by the poroelastic model. All interfaces occurring between these domains and
the appropriate coupling conditions will be presented in Section 4. These are the interfaces ΓFS
between the fluid domain and structural domain, the interfaces ΓFP between the fluid domain and
poroelastic domain, and the interfaces ΓPS , ΓPS,c between the poroelastic domain and the structural
domain.
In contrast to the widely used Reynolds equation in elastohydrodynamic lubrication (EHL),
where the no-slip condition is incorporated directly, the averaging procedure does not introduce
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any boundary conditions onto the fluid flow. This allows the incorporation of spatial and temporal
changing boundary/coupling conditions during the computation. As a result, a continuous in time
representation of the different states of colliding solid bodies in surrounding fluid is possible.
To illustrate this feature of the presented model, the impact of two submerged bodies serves as
an example. As long as the distance between both structural bodies is large, the influence of the
poroelastic layer is small and a “free-flowing” fluid similar to classical fluid-structure interaction
problems is described. Once the gap between both contacting surfaces is in the same order of
magnitude as the roughness height amplitude, a continuously increasing part of the fluid volume
flow passes through the poroelastic layer. Further reduction of the fluid gap until first surface
asperities start to contact directly is represented by contact between the poroelastic layer and the
solid body. As soon as all of the fluid in the gap is inside the microstructure of the surfaces, the entire
fluid flow passes through the poroelastic layer. Further increase of the contact pressure will result in
progressing deformation of the poroelastic layer, which results in a reduction of the fluid fraction φ
inside the layer. This goes along with an increase of fluid resistance and therefore reduced flow or
“leakage rate” for a specific fluid pressure gradient in the flow direction. Finally, for high loads in
relation to the structural stiffness, the fluid fraction will approach the vanishing limit, whereby only
the structural part is left between the contacting surfaces. It should be mentioned that this exemplary
sequence of steps which was described in detail, occurs just in the case that small variations in the
fluid pressure and velocity far-fields arise during the approaching process of both structural bodies.
If this is not the case, different pathways will be passed, for instance when an increasing fluid
pressure deforms the poroelastic layer such that the contained fluid fraction is increased, which
finally can lead to a “lift-off” of the contacting surfaces.
3. GOVERNING EQUATIONS FOR ALL INVOLVED PHYSICAL DOMAINS
The following section presents the governing equations as well as appropriate boundary conditions
for the different physical domains, i.e. structure, fluid and poroelastic domain.
The time interval of interest should be bounded by the initial point in time t0 and the end time tE .
Below, all quantities ∗ ,∗ with additional index ∗0 ,∗0 are described in the undeformed material
configuration. The “hat” symbol ∗ˆ , ∗ˆ indicates prescribed time-dependent quantities at boundaries
and in the domains.
Finally, ∗˚ , ∗˚ specifies prescribed initial quantities at the initial point in time.
3.1. Structural domain ΩS
The well-known initial boundary value problem (IBVP) for non-linear elastodynamics (see e.g. [46])
is described by
ρS0
∂2uS
∂t2
−∇0 ·
(
F S · SS
)
− ρS0 bˆ
S
0 = 0 in Ω
S
0 × [t0, tE ], (1)
SS =
∂ψS
∂ES
, ES =
1
2
[(
F S
)T
· F S − I
]
, F S = I +
∂uS
∂XS
. (2)
Therein, uS = xS −XS denotes the displacement vector, which describes the motion of a material
point (with position XS at initial time t = t0) due to deformation of the elastic body to the current
position xS . Next, ρS0 is the structural density in material configuration, ∇0 ·∗ is the material
divergence operator, F S the deformation gradient, SS the second Piola-Kirchhoff stress tensor,
and bˆ
S
0 the body force per unit mass. The nonlinear, compressible material behavior is given by
the hyperelastic strain energy function ψS , which expresses the stress-strain relation. Therein, ES
is the Green-Lagrange strain tensor. For the interaction with other physical fields described in the
current configuration, the Cauchy stress is given by σS = 1
JS
F S · SS ·
(
F S
)T
, with JS being
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the determinate of the deformation gradient. Further, adequate initial conditions with a prescribed
displacement field u˚S and velocity field v˚S are defined
uS = u˚S in ΩS0 × {t0} ,
∂uS
∂t
= v˚S in ΩS0 × {t0} . (3)
Finally, to complete the description of the structural problem, suitable boundary conditions on the
outer boundary ∂Ω0 ∩ ∂ΩS0 must be specified with the predefined displacement uˆS on Dirichlet
boundaries ΓS,D0 and the given traction hˆ
S,N
0 on Neumann boundaries Γ
S,N
0 :
uS = uˆS on ΓS,D0 × [t0, tE ],
(
F S · SS
)
· nS0 = hˆ
S,N
0 on Γ
S,N
0 × [t0, tE ]. (4)
Therein, nS0 is the outward-pointing unit normal vector on the boundary. Still missing are the
conditions on the subset of the structural boundary ΓS,∗0 = ∂Ω
S
0 \
(
ΓS,D0 ∪ ΓS,N0
)
where the
structural domain is coupled to the other fields. They are not part of the outer boundary of the
FSCI problem ∂Ω0 ∩ ΓS,∗0 = ∅ and will be discussed in Sections 4.1 and 4.3 .
3.2. Fluid domain ΩF
Transient, incompressible, viscous flow should be considered in the fluid domain. Considering that
the balance of mass and momentum is given by the Navier-Stokes equations (see e.g. [47])
ρF
∂vF
∂t
+ ρFvF ·∇vF +∇pF −∇·(2µF F (vF ))− ρF bˆF = 0 in ΩF × [t0, tE ], (5)
∇·vF = 0 in ΩF × [t0, tE ]. (6)
Herein, vF and pF are the fluid velocity and pressure, ρF is the constant fluid density, µF
the dynamic viscosity, F (vF ) = 12
[
∇vF + (∇vF )T ] the strain-rate tensor, and bˆF the body
force per unit mass. Again, adequate initial conditions with the given initial velocity field v˚F are
prescribed:
vF = v˚F in ΩF × {t0} . (7)
To finalize the description of the fluid problem, boundary conditions on the outer boundary
∂Ω ∩ ∂ΩF are considered. Subsequently, the fluid velocity vˆF on Dirichlet boundaries ΓF,D or the
fluid traction hˆ
F,N
on Neumann boundaries ΓF,N is prescribed. Here, σF = −pF I + 2µF F (vF )
is the Cauchy stress and nF the outward-pointing unit normal vector to the boundary
vF = vˆF on ΓF,D × [t0, tE ], σF · nF = hˆF,N on ΓF,N × [t0, tE ]. (8)
Again, conditions on the boundary subset ΓF,∗ = ∂ΩF \ (ΓF,D ∪ ΓF,N), which is not part of the
outer boundary ∂Ω ∩ ΓF,∗ = ∅, will be discussed in Sections 4.1 and 4.2.
3.3. Poroelastic domain ΩP
As presented in Section 2, modeling the fluid-saturated rough surface domain as homogenized
poroelastic media (see e.g. [43]), leads to specific requirements on the applied model. The following
governing equations were developed and successfully applied in [44, 45, 48, 49] and are capable
to represent all essential physical effects, such as incompressible flow on the micro-scale, finite
deformations of the poroelastic matrix, deformation dependent and variable porosity, as well as
arbitrary strain energy functions for the skeleton. Due to the high flexibility of this formulation
for the homogenized roughness layer, a broad range of different microstructures as well as material
behavior of fluid and structures are applicable. Nevertheless, the focus of this contribution should be
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on including general modeling of rough surface contact into a fluid-structure interaction framework.
A brief outline of parameter estimation for specific rough surfaces is provided in a following remark.
In the presented formulation, macroscopic flow through the deformable porous media is modeled
by a Darcy flow based equation (10). The balance of mass and momentum of the fluid phase in the
current configuration, the balance of mass (included implicitly, see [44,45]) and momentum for the
whole poroelastic mixture (consisting of fluid and solid) in material configuration on macroscopic
scale can be expressed as:
∂φ
∂t
∣∣∣∣
XP
+ φ∇· ∂u
P
∂t
+∇·
[
φ
(
vP − ∂u
P
∂t
)]
= 0 in ΩP × [t0, tE ], (9)
ρF
∂vP
∂t
∣∣∣∣
XP
− ρF ∂u
P
∂t
·∇vP +∇pP − ρF bˆP
F
+µFφk−1 ·
(
vP − ∂u
P
∂t
)
= 0 in ΩP × [t0, tE ], (10)
ρ˜P
S
0
∂2uP
∂t2
−∇0 ·
(
F P · SP
)
− ρ˜PS0 bˆ
P
0 − JPφ
(
F P
)−T
·∇0pP
−µFJPφ2k−1 ·
(
vP − ∂u
P
∂t
)
= 0 in ΩP0 × [t0, tE ]. (11)
These equations are valid on the macro-scale and represent an average microscopic state in
the poroelastic media. Fluctuations due to the microstructure are not represented. Therefore, all
quantities occurring in equations (9)-(11) also describe the average state from a macroscopic
view. Herein, φ is the porosity already introduced in Section 2, vP the velocity and pP the
pressure of the fluid phase, uP = xP −XP the macroscopic displacement of the poroelastic
domain analogous to Section 3.1, bˆ
PF
the body force acting on the embedded fluid per unit mass,
k =
(
JP
)−1
F P ·K ·
(
F P
)T
the spatial permeability of the poroelastic matrix with K being
the corresponding material permeability. Further, ρ˜P
S
0 = (1− φ)ρS0 is the macroscopic averaged
initial density of the solid phase with ρS0 the associated averaged initial density in the solid
domain. bˆ
P
0 is the body force acting on the poroelastic mixture per unit averaged solid mass,
F P the macroscopic deformation gradient, JP the determinant of the macroscopic deformation
gradient, and SP the homogenized second Piola-Kirchhoff stress tensor. The material behavior of
the poroelastic mixture is given by the macroscopic strain energy function ψP (EP , JP (1− φ)) =
ψP,skel(EP ) + ψP,vol(JP (1− φ)) + ψP,pen(EP , JP (1− φ)), whereas ψP,skel accounts for the
strain energy due to macroscopic deformation of the solid phase, ψP,vol arises from the volume
change of the solid phase due to changing fluid pressure, and finally ψP,pen guarantees positive
porosity of the poroelastic model (see [44, 45]). Using the Green-Lagrange strain tensor EP
as the strain measure gives two constitutive relations to complete the system of equations for
poroelasticity:
SP =
∂ψP (EP , JP (1− φ) = const.)
∂EP
− pPJP
(
F P
)−1
·
(
F P
)−T
, (12)
pP = −∂ψ
P (EP = const., JP (1− φ))
∂(JP (1− φ)) , (13)
EP =
1
2
[(
F P
)T
· F P − I
]
, F P = I +
∂uP
∂XP
.
The necessary initial conditions for the poroelastic problem are:
uP = u˚P in ΩP0 × {t0} ,
∂uP
∂t
= v˚P
S
in ΩP0 × {t0} ,
φ = φ˚ in ΩP × {t0} , vP = v˚P in ΩP × {t0} . (14)
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Here, u˚P , v˚P
S
, φ˚ and v˚P are the initial displacement, initial solid phase velocity, porosity, and
fluid velocity field, respectively. To complete the problem description of poroelasticity, adequate
boundary conditions on the outer boundary ∂Ω ∩ ∂ΩP have to be prescribed:
vP · nP = vˆPn on ΓP
F ,D × [t0, tE ], −pPnP = hˆPF ,NnP on ΓPF ,N × [t0, tE ], (15)
uP = uˆP on ΓP,D0 × [t0, tE ],
(
F P · SP
)
· nP0 = hˆ
P,N
0 on Γ
P,N
0 × [t0, tE ]. (16)
Therein, vˆPn is the scalar normal fluid velocity of the Darcy-like flow on Dirichlet boundaries Γ
PF ,D,
hˆP
F ,N the traction in normal direction on Neumann boundaries ΓP
F ,N , uˆP the displacement
of the poroelastic domain on Dirichlet boundaries ΓP,D0 , and hˆ
P,N
0 the traction acting onto the
poroelastic mixture on Neumann boundaries ΓP,N0 , withn
P being the outward-pointing unit normal
vector on the boundary. Conditions on the still not considered part of the poroelastic boundary
ΓP,∗ = ∂ΩP \
(
ΓP
F ,D ∪ ΓPF ,N
)
= ∂ΩP \ (ΓP,D ∪ ΓP,N) will be presented in Sections 4.2 and
4.3. For further details on this poroelastic formulation, the reader is referred to [44, 45, 48].
Remark (A brief outline on the estimation of the poroelastic material parameters)
In the following, a computationally assisted way to determine a proper set of parameters of the
poroelastic layer for a specific roughness layer is presented. To estimate the material parameters
of the poroelastic layer for specific surfaces, the macroscopic material behavior of both contacting
solid bodies as well as a resolved, representative microstructure geometry of the rough surfaces is
required. First, performing direct contact simulations without any fluid pressure contribution for
characteristic parts of the resolved rough surfaces, allows us to specify the material parameters of
strain energy function ψP,skel of the poroelastic layer. In general, a comparison to the bulk material
shows that the initial tangent stiffness of the poroelastic layer is smaller due to the deformation
of single contacting asperities. Increasing contact stress leads to a rapid increase in the tangent
stiffness, as the fluid fraction decreases. This behavior is reflected by an increased non-linearity of
the strain energy function ψP,skel compared to the bulk material. Measuring the void space allows
the determination of the porosity φ. Furthermore, by including a predefined normal load, which
represents the fluid pressure, on the contact interface of the direct contact simulations, the correlation
of fluid pressure and the solid phase compression can be analyzed. This allows us to identify
the parameters of the strain energy function ψP,vol. To specify the permeability k numerically, a
resolved computation of the fluid flow between the rough surfaces can be consulted. Performing
these fluid flow simulations for several deformation states, allows us to specify the relation of
permeability and porosity k = k(φ). Besides this proposed computational approach, experimental
determination for single parameters or the whole set of parameters is also possible.
4. INTERFACIAL COUPLING CONSTRAINTS
In this section, appropriate coupling conditions on the interfaces occurring between all physical
domains are discussed independently of their interaction, followed by an examination of the change
of these different interface coupling conditions in context of the entire FSCI problem. In the
following, n is a uniquely chosen unit normal vector on each considered interface.
4.1. Interface between fluid domain and structural domain
The interface between viscous fluid domain and structural domain ΓFS = ∂ΩS ∩ ∂ΩF = ΓS,∗ ∩
ΓF,∗ needs to fulfill the dynamic stress balance (17) as well as the no-slip condition (18):
σF · n = σS · n on ΓFS × [t0, tE ], (17)
vF =
∂uS
∂t
on ΓFS × [t0, tE ]. (18)
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4.2. Interface between fluid domain and poroelastic domain
On the interface between viscous fluid and the poroelastic domain ΓFP = ∂ΩP ∩ ∂ΩF = ΓP,∗ ∩
ΓF,∗, the following conditions need to be fulfilled (see [50, 51] for details):
σF · n = σP · n on ΓFP × [t0, tE ], (19)
n · σF · n = −pP on ΓFP × [t0, tE ], (20)(
vF − ∂u
P
∂t
)
· n = φ
(
vP − ∂u
P
∂t
)
· n on ΓFP × [t0, tE ], (21)
−κn · σF · ti =
[
vF − ∂u
P
∂t
− φ
(
vP − ∂u
P
∂t
)]
· ti i = 1, 2 on ΓFP × [t0, tE ]. (22)
Herein, (19) is the dynamic stress balance in current configuration between the Cauchy stresses
of fluid and the entire poroelastic mixture, with σP = 1
JP
F P · SP ·
(
F P
)T
being the Cauchy
stress of the poroelastic mixture. Additionally, the dynamic stress balance (20) between the normal
components of viscous fluid and the fluid inside of the poroelastic layer is required. Mass balance
on the interface leads to a kinematic constraint in normal direction (21). Finally, the kinematic
constraint in tangential direction for the viscous fluid is still missing. Equation (22) is the so-called
Beavers-Joseph condition [52], which proposes a proportionality (with factor κ) of the viscous
fluid shear stress and the relative velocity slip in tangential direction between the adjacent fluids
on both sides of the interface. Therein, the tangential plane is specified by two tangential vectors
ti, orthogonal to vector n. It should be mentioned that in many cases a simplified condition can be
used, where the seepage velocity φ
(
vP − ∂u
P
∂t
)
is neglected as proposed in [53]. Analyses on
the Beavers-Joseph condition can be found in [51, 54–56].
4.3. Interface between poroelastic domain and structural domain in contact case
The interfaces between poroelastic layer and structural domain ΓPS ∪ ΓPS,c = ∂ΩP ∩ ∂ΩS =
ΓP,∗ ∩ ΓS,∗ consist of a matching part ΓPS and the contacting subset ΓPS,c (see Figure 3 (right)),
which is only non-zero in the contact case. Here we want to focus onto the contacting part only,
as the physical and numerical treatment of interfaces such as ΓPS can be found in the domain
decomposition literature (see e.g. [57]) for the coupling of displacement degrees of freedom and [48]
for the impermeability constraint. Considering frictionless contact, the following conditions need to
be fulfilled: (
xSΓ − xPΓ
) · n = 0 on ΓPS,c × [t0, tE ], (23)
φ
(
vP − ∂u
P
∂t
)
· n = 0 on ΓPS,c × [t0, tE ], (24)
n · σP · n = n · σS · n on ΓPS,c × [t0, tE ]. (25)
ti · σP · n = ti · σS · n = 0 i = 1, 2 on ΓPS,c × [t0, tE ]. (26)
Herein, (23) enforces the zero gap between the structural body and porous layer, with xPΓ being the
position on the interface ΓP,∗ and xSΓ the projection of x
P
Γ in direction n onto the interface Γ
S,∗.
Equation (24) represents the mass flow balance on the interface, where the relative fluid flow has to
vanish due to the impermeability of the solid. Finally, (25) and (26) reflect the dynamic equilibrium
between poroelastic and solid domain in normal and tangential direction, respectively.
4.4. Change of interface conditions in the coupled problem
In the previous sections, interfaces and their corresponding conditions were considered to be
independent of each other. It is obvious that occurring contact between poroelastic layer and
structural domain modifies not only the “active” contact interface ΓPS,c, but also the interfaces
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between fluid and poroelastic/structural domain ΓFP , ΓFS . The union of all three interfaces
Γ is given by the current configuration of the solid and poroelastic domain, in particular of
the respective parts of the outer boundaries Γ = ΓPS,c ∪ ΓFS ∪ ΓFP = ΓF,∗ ∪ ΓP,∗ ∪ ΓS,∗. The
criteria specifying the different interface types on the interface Γ, are given by the following Karush-
Kuhn-Tucker conditions, which need to be fulfilled:(
xSΓ − xPΓ
) · nP ≥ 0 on Γ× [t0, tE ], (27)
hI · nP ≤ 0 on Γ× [t0, tE ], (28)[(
xSΓ − xPΓ
) · nP ] [hI · nP ] = 0 on Γ× [t0, tE ]. (29)
Condition (27) guarantees that there is always a positive gap or no gap between potentially
contacting bodies. Additionally, (28) restricts the minimal stress by compression transferred directly
between the solid bodies to the surrounding fluid normal traction. Herein, hI (e.g. = σP · nP +
pPnP or = σS · nP − σF · nP ) is the traction difference between total contact traction and the
ambient fluid stress. This condition is a result of the assumption that the time interval for the
formation of a fully covering fluid film on top of the rough microstructure is negligible and this
process does not need to be modeled. As soon as the local (e.g. at single asperities) structural stress
is smaller than the fluid stress, this fluid film will develop. In Figure 4, a schematic visualization
of this process is given. Finally, (29) enforces exclusively either a zero gap between both interfaces
(see equation (27)) or a vanishing relative traction (see equation (28)).
fully covering fluid film
n · σP · n > −pP
n · σS · n > n · σF · n
hI · nP > 0
fully covering fluid film
n · σP · n < −pP
n · σS · n < n · σF · n
hI · nP < 0 	 @R
Figure 4. Detailed view on the condition transition point ΓPS,c ∩ ΓFS ∩ ΓFP . Arrows indicate the process
of generation (left) or degeneration (right) of a fully covering fluid film, depending on the traction difference
between total contact traction and the ambient fluid stress.
The subset of the interface Γ, where the first condition (27) is exactly zero and therefore
fulfills (23), is the contact interface between poroelastic domain and structural domain ΓPS,c.
The remaining parts, where the second condition (28) is exactly zero, are the interfaces between
fluid domain and structural domain ΓFS or between fluid domain and poroelastic domain ΓFP ,
depending on if it is a subset of the structural or poroelastic boundary.
In the following paragraph, the continuity of the formulation at the point or line of changing
interface conditions (marked by the black cross in Figure 5) is discussed. To ensure continuity of
the problem at this specific position, the conditions of all adjacent interfaces have to be fulfilled
simultaneously. To prove this, we assume one type of interface conditions (e.g. contact) plus the
criteria for transition to hold and verify the fulfillment of the other conditions (e.g. fluid-structure
and fluid-poroelastic conditions). We analyze the fulfillment of the different interface conditions in
normal direction at the transition points from a contact interface (ΓPS,c) to non-contact interfaces
(ΓFS and ΓFP ) and vice versa. Those points are formed by the intersection of the interfaces ΓPS,c,
ΓFS and ΓFP and they satisfy the transition conditions, stated as conditions (27) and (28) satisfied
equal to zero. In order to enable a continuous transition of interface types, combining conditions
on the contact interface ΓPS,c (conditions (23)-(26)) with the transition conditions has to fulfill
conditions on the interfaces ΓFS and ΓFP (conditions (17)-(18) and (19)-(22)) by default (see upper
red path in Figure 5). Therefore, let’s assume that the conditions of contact are satisfied and even
for a vanishing fluid film we consider fluid state vectors (vF , pF ) and implicitly the corresponding
fluid stress (σF ) to result in continuous fulfillment of all interface conditions. Then, for the normal
components of velocity and normal traction difference, the following relations hold:
kinematic constraints: vP · n condition (23)= ∂u
S
∂t
· n condition (24)= ∂u
P
∂t
· n (*1)= vF · n (30)
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(*1) = normal velocity of emerging fluid film equals contact interface normal velocity
stress equilibrium: hI · n def.= 0 transition point of (28)= n · σP · n+ pP condition (25)= n · σS · n+ pP
(*2)
= n · σS · n− n · σF · n condition (25)= n · σP · n− n · σF · n (31)
(*2) = normal fluid stress of emerging fluid film in balance with fluid pressure in poroelastic layer
As a consequence of (30) and (31) the conditions on the interfaces ΓFS and ΓFP (conditions
(17)-(18) and (19)-(21)) in normal direction are fulfilled naturally. For the change from the
non-contact interfaces ΓFS and ΓFP to the contact interface ΓPS,c this can be shown analogously
(see lower blue path in Figure 5).
(23)-(26) ΓPS,c
(27), (28) !=0
ΓPS,c ∩ ΓFS ∩ ΓFP
ΓFS (17)-(18)
ΓFP (19)-(22)
Figure 5. Visualization of the continuous transition of normal conditions at the point ΓPS,c ∩ ΓFS ∩ ΓFP
which is marked by the black cross. Following the upper red path indicates the equivalence of the contact
conditions by making use of the transition conditions and the normal conditions on the interfaces ΓFS and
ΓFP . Following the lower blue path indicates the equivalence of the conditions on the interfaces ΓFS and
ΓFP in normal direction by making use of the transition conditions and the contact conditions on ΓPS,c.
Remark (Continuity of the formulation for changing interface conditions in tangential direction)
Considering frictionless contact at the contact interface ΓPS,c in combination with the no-slip
condition at the interface ΓFS and the Beavers-Joseph condition at the interface ΓFP leads to a non-
continuous change in the tangential component of the interface conditions. A continuous change
between contact and non-contact interfaces for frictionless contact would require zero tangential
stress (“full-slip” conditions) close to the contacting zone on the interfaces ΓFS and ΓFP as
well. Nevertheless, contrary to the continuity of the normal component of interface conditions, the
continuity of tangential components turned out to be less essential in our numerical computations.
It should be pointed out that for a pure structural contact case with vanishing fluid, conditions
(27), (28), and (29) reduce to the classical contact conditions, as the relative traction equals the
absolute traction for vanishing fluid pressure.
5. DISCRETIZATION AND SOLUTION APPROACH
In this section, the applied methods for solving the coupled rough FSCI problem are presented. The
discretization of the continuous problem described in the previous Sections 3 and 4 is based on the
Finite Element Method. First, the spatially discretized semi-discrete formulations for the structural
domain, the fluid domain as well as the poroelastic layer are given. Topological changes of the fluid
domain in the rough FSCI problem due to occurring contact of surfaces are enabled via a CutFEM
applied onto the fluid domain. The embedded interfaces between fluid domain and poroelastic
domain together with the interfaces between fluid domain and structural domain are imposed by
Nitsche-based methods. To incorporate contact into the formulation, the dual mortar method is used.
Finally, all contributions are considered in one global system and solved monolithically.
As the focus of this contribution should not be on the specific numerical methods, these are just
presented briefly, since further details can be found in the referenced literature. In the following
sections, all quantities, including the primary unknowns, the test functions in the weak form as
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well as the domains and interfaces are discretized in space. No additional index h is added to these
discrete quantities since this double meaning of notation is accepted for the sake of simplicity of
presentation. Below, the expressions (∗, ∗)Ω and 〈∗, ∗〉∂Ω denote the inner L2 product integrated in
the domain Ω and on the boundary/interface ∂Ω, respectively.
5.1. Weak forms of domains ΩS ,ΩF ,ΩP
The weak forms of the structural, fluid, and poroelastic domains can be derived from equations (1),
(5) - (6) and (9) - (11), respectively:
WS [δuS ,uS] = (δuS , ρS0 ∂2uS∂t2
)
ΩS0
+
(
∇0δuS ,F S · SS
)
ΩS0
−
(
δuS , ρS0 bˆ
S
0
)
ΩS0
−
〈
δuS , hˆ
S,N
0
〉
ΓS,N0
, (32)
WF [(δvF , δpF ) , (vF , pF )] = (δvF , ρF ∂vF
∂t
)
ΩF
+
(
δvF , ρFvF ·∇vF )
ΩF
− (∇·δvF , pF )
ΩF
+
(
F (δvF ), 2µF F (vF )
)
ΩF
−
(
δvF , ρF bˆ
F
)
ΩF
−
〈
δvF , hˆ
F,N
〉
ΓF,N
+
(
δpF ,∇·vF )
ΩF
, (33)
WP [(δvP , δuP , δpP ) , (vP ,uP , pP )] = (δpP , ∂φ
∂t
)
ΩP
+
(
δpP , φ∇· ∂u
P
∂t
)
ΩP
−
(
∇δpP , φ
(
vP − ∂u
P
∂t
))
ΩP
+
〈
δpP , φnP ·
(
vP − ∂u
P
∂t
)〉
∂ΩP
+
(
δvP , ρF
∂vP
∂t
)
ΩP
− (∇·δvP , pP )
ΩP
−
(
δvP , ρF
∂uP
∂t
∇vP
)
ΩP
+
(
δvP , µFφk−1 · vP )
ΩP
−
(
δvP , µFφk−1 · ∂u
P
∂t
)
ΩP
−
(
δvP , ρF bˆ
PF
)
ΩP
−
〈
δvP , hˆP
F ,NnP
〉
ΓPF ,N
+
(
δuP , ρ˜P
S
0
∂2uP
∂t2
)
ΩP0
+
(
∇0δuP ,F P · SP
)
ΩP0
+
(
δuP , µFJPφ2k−1 · ∂u
P
∂t
)
ΩP0
− (δuP , µFJPφ2k−1 · vP )
ΩP0
−
(
δuP , JPφ
(
F P
)−T
∇0pP
)
ΩP0
−
(
δuP , ρ˜P
S
0 bˆ
P
0
)
ΩP0
−
〈
δuP , hˆ
P,N
0
〉
ΓP,N0
. (34)
Herein,
(
δuS , δvF , δpF , δvP , δuP , δpP
)
are the corresponding test functions of the primary
unknowns
(
uS ,vF , pF ,vP , uP , pP
)
. It should be pointed out that the treatment of the coupling
conditions for the different interfaces was omitted here and will be handled in Sections 5.2, 5.3
and 5.4 by incoporating the still missing interface terms on ΓS,∗,ΓF,∗,ΓP
F ,∗,ΓP,∗ arising in the
derivation of the weak form.
In order to control convective instabilities, to ensure discrete mass conservation, and to guarantee
inf-sup stability for equal order interpolation of velocity and pressure, stabilization operators are
added to the discrete weak forms of both fluid equations (33) and (34).
WFS
[(
δvF , δpF
)
,
(
vF , pF
)]
= SFv
[
δvF ,
(
vF , pF
)]
+ SFp
[
δpF ,
(
vF , pF
)]
(35)
WPS
[(
δvP , δpP
)
,
(
vP , pP
)]
= SPv
[
δvP ,vP
]
+ SPp
[
δpP ,
(
vP , pP
)]
(36)
This can be achieved by residual-based stabilization or face-oriented stabilization. A comparison
of different stabilization techniques for incompressible flow problems is presented in [58]. Face-
oriented stabilizations were applied for all numerical examples presented in Section 6.
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ΩFΓF,∗
T F
T 0
Ω0ΓF,∗
FΓF,∗
ΓF,N
ΓF,D
ΩF = T F ∪ ΩFΓF,∗
T FΓF,∗ = ΩFΓF,∗ ∪ Ω0ΓF,∗
ΓF,∗
@
@R
Ω0 = T 0 ∪ Ω0ΓF,∗
Figure 6. Basic concept for the applied CutFEM, where structural or poroelastic domain Ω0 = ΩS ∪ ΩP are
embedded in the fluid domain ΩF . The fluid domain consists of the uncut elements in T F and just a subset
ΩFΓF,∗ of the intersected elements in T FΓF,∗ . For all element faces FΓF,∗ that are connected to at least one
element in T FΓF,∗ , a “ghost penalty” stabilization is applied.
5.1.1. The CutFEM applied onto the fluid domain As the fluid domain ΩF changes in time and
performs even topological changes for the coupled rough FSCI problem, it is beneficial to use
a method where the boundary of computational discretization does not necessarily match the
boundary of the physical domain. The CutFEM applied onto the Navier-Stokes equations makes this
essential split-up possible. The following presents a brief overview of the most important aspects
for applying the CutFEM on the presented model. For a general overview of the method, the reader
is referred to [33] and the references therein.
Figure 6 shows an exemplary configuration for a computational mesh, where all elements span
the domain ΩF ∪ Ω0, which is constant in time. The non-physical part Ω0 of the fluid computational
mesh includes the structural domain ΩS as well as the poroelastic domain ΩP . The governing
equations for the latter domains are discretized with separate interface- and boundary-matching
computational meshes. The approach to consider all coupling conditions on the interfaces between
these fields and to therefore gain equilibrium between all fields will be presented in Sections 5.2, 5.3,
5.4 and 5.5 . For the fluid field, the integration of the L2-inner products (see equation (33)) is only
performed on the physical fluid domain ΩF . This numerical integration is realized with standard
Gaussian quadrature rules on all uncut elements in T F . For the physical fluid domain ΩFΓF,∗ in all
intersected elements T FΓF,∗ , the method described in [59] is applied, which utilizes the divergence
theorem. For elements which are completely covered by the domain Ω0, the fluid weak form does
not have to be integrated.
The intersection of the computational fluid mesh by the interface ΓF,∗ is given by the position of
the structural or poroelastic domain. In fact, the deformed current configuration of the matching
computational meshes for these domains, which is part of the solution of the overall system,
describes these interfaces. Therefore, intersections which lead to a very small contribution of
single discrete degrees of freedom to the fluid weak form are critical. This can result in an ill-
conditioned system matrix or a loss of discrete stability of the method caused by the imposition
of boundary/coupling conditions (see Sections 5.2 or 5.3). To overcome these issues, a weakly
consistent stabilization operator is added to the fluid weak form. Therein, basically deviations of an
extension of the physical solution into the non-physical domain Ω0ΓF,∗ from a smooth solution are
penalized. This so-called “ghost penalty” stabilization was first presented in [60] for the Poisson’s
problem. Details on the “ghost penalty” stabilization for the fluid equation, describing the applied
method, can be found in [34]. Herein, operators (37) are added, which penalize jumps of normal
derivatives of velocities and pressures integrated on a selected set of element faces FΓF,∗ (see
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Figure 6).
WFG
[(
δvF , δpF
)
,
(
vF , pF
)]
= Gv
(
δvF ,vF
)
+ Gp
(
δpF , pF
)
. (37)
5.2. Nitsche-based method on the interface between fluid domain and structural domain
The geometry of the discrete interface between the fluid domain and structural domain is given by
the deformed configuration of the computational mesh of the structural domain. Therefore, ΓFS
does not match the element boundaries of the computational grid for the fluid domain. Thus, a weak
imposition of the coupling conditions (17) and (18) is applied. Using a Nitsche-based method leads
to the following consistent contributions to the weak form (see [36, 37]):
WFSI [(δuS , δvF , δpF ) , (uS ,vF , pF )] = 〈δuS − δvF ,σFnF 〉
ΓFS
−
〈
δpFnF − 2µF F (δvF )nF ,vF − ∂u
S
∂t
〉
ΓFS
+
φFv
γhE
〈
δvF − δuS ,vF − ∂u
S
∂t
〉
ΓFS
. (38)
The contributions in the first line arise from integration by parts of the strong forms (1) and
(5), by utilizing the dynamic equilibrium on the interface (17) and choosing the fluid stress to
represent the interface traction (fluid-sided weighting). The second line includes a skew-symmetric
adjoint consistency term as well as a penalty term with a sufficiently small positive constant γ, an
appropriate element length hE , and the stabilization parameter φFv , which considers the viscous,
convective and temporal components of the discrete fluid equations (see [34]). These terms are
consistent as they include the kinematic constraint (18) and are essential for the stability of the
numerical scheme as well as the enforcement of the coupling conditions.
5.3. Nitsche-based method on the interface between fluid domain and poroelastic domain
Numerical treatment for interfaces between a viscous fluid domain and Darcy flow or poroelastic
domain can be found in [61] and in [51, 62, 63] based on Nitsche’s method. Herein, similar to
the discrete interface ΓFS , the discrete interface ΓFP is given by the deformed configuration
of the computational mesh of the poroelastic domain, which in general is non-matching to the
computational mesh of the fluid domain.
All constraints (19)–(22) are imposed weakly by a Nitsche-based method. Fundamental
mathematical analysis on Nitsche’s method for general boundary conditions, such as the Beavers-
Joseph condition, can be found in [64] and [65]. The present formulation is based on [65], where
a strict mathematical analysis for the Oseen problem with general Navier boundary conditions is
performed. All extensions to this formulation are performed in a way to keep the main argumentation
of [65] valid, but without giving a strict mathematical proof for this formulation. This Nitsche-based
formulation is presented and analyzed for an unfitted fluid-poroelastic interaction in [51], where
evidence of the suitability of this method for the problem setup considered herein is given.
WFPI [(δvF , δpF , δvP , δuP , δpP ) , (vF , pF ,vP ,uP , pP )] =〈
δvP + δuP − δvF ,σF · nF · P n
〉
ΓFP
−
〈
δpF · nF − 2µF F (δvF ) · nF ,
[
vF−∂u
P
∂t
− φ
(
vP−∂u
P
∂t
)]
· P n
〉
ΓFP
+
φFv
γnhE
〈
δvF − δvP − δuP ,
[
vF − ∂u
P
∂t
− φ
(
vP − ∂u
P
∂t
)]
· P n
〉
ΓFP
+
〈
δuP − δvF ,σF · nF · P t
〉
ΓFP
+
γthE
κµF + γthE
〈
2µF F (δvF ) · nF ,
[
vF−∂u
P
∂t
− φ
(
vP−∂u
P
∂t
)
+ κσF · nF
]
· P t
〉
ΓFP
+
µF
κµF + γthE
〈
δvF − δuP ,
[
vF − ∂u
P
∂t
− φ
(
vP − ∂u
P
∂t
)
+ κσF · nF
]
· P t
〉
ΓFP
.
(39)
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As the kinematic constraints in normal and tangential direction are different, the interface terms are
split by the normal P n := (n⊗ n) and the tangential P t := (I − n⊗ n) projection operator.
The first three lines consider the coupling constraints in normal direction. The contribution in
the first line originates from the normal components of integration by parts of equations (5), (10)
and (11), exploiting the dynamic equilibrium on the interface (19) and (20). Again, the interface
traction is represented by the fluid stress. In the following two lines, the so-called adjoint consistency
and the penalty terms are given, which are consistent due to the included mass conservation on
the interface (21). The constant γn, the element length hE , and the stability parameter φFv are
specified analogously to Section 5.2. These terms are crucial to balance the destabilizing effect
of the consistency terms in the first line and enforce mass balance on the interface.
All terms starting from line four enforce the coupling conditions in tangential direction. The
fourth line includes the standard consistency boundary integrals in tangential direction, which
arise in the derivation of the weak form equations (5) and (11). Using the dynamic equilibrium
(19) and choosing the fluid stress to represent also the tangential interface traction leads to the
presented contributions. In line five, the skew-symmetric adjoint consistency term, which balances
not only the viscous consistency terms in line four, but also the “consistency-like” contribution of
the penalty term in line six. This is the reason for the prefactor of the term, which consists of the
sufficiently small positive constant γt, the appropriate element length hE , and the slip-coefficient κ
(see equation (22)). Finally, the last term is the tangential penalty, just as the adjoint consistency,
this term is consistent due to the included kinematic constraint (22). For further details on this
formulation the reader is referred to [51].
5.4. Dual Mortar method on the contact interface between poroelastic domain and structural
domain
To handle contact between poroelastic domain and structural domain on interface ΓPS,c, a mortar
segment-to-segment approach, where the no-penetration constraint (23) is enforced in a weak sense
by a Lagrange multiplier, is applied. This approach is combined with a Nitsche-based method to
guarantee fluid mass balance (24) between poroelastic domain and impermeable solid (see Section
5.4.1).
Details on mortar based contact approaches can be found in, e.g., [66] or for dual mortar based
methods in [30, 31], whereby the letter reference gives details on the specific method applied here.
In the following, just a brief overview of the most important aspects of the method is presented.
In contrast to the continuous interfaces, the discrete contact interfaces arising from the poroelastic
domain ΓP,∗ and the structural domain ΓS,∗ are geometrically not exact overlapping. Therefore, we
introduce ΓP,ch and Γ
S,c
h , which are the potential contact interfaces arising from the poroelastic
domain ΩP and the structural domain ΩS , respectively. In addition, we also introduce the interfaces
ΓP,c = ΓP,∗ \ ΓFP and ΓS,c = ΓS,∗ \ ΓFS , which are the contact interfaces restricted to the
“active” contact zone. A Lagrange multiplier λ, discretized on the interface ΓP,ch , which represents
the total contact traction between the interfaces, is introduced.
The Karush-Kuhn-Tucker conditions (27) - (29) can be expressed by a complementary function
C
(
λjn, g
j
)
(with an algorithmic constant cn > 0):
λjn = λ
j · n˜j , gj =
〈
ψjδ ,
(
xSΓ − xPΓ
) · n˜〉
ΓP,ch
,
C
(
λjn, g
j
)
=
(
λjn − f jn
)−max (0, (λjn − f jn)− cngj) = 0. (40)
Herein, the index j specifies quantities which correspond to a specific computational node j. The
smoothed normal vector field n˜ is evaluated on the interface ΓP,ch based on the unit outward-pointing
normal nP of the poroelastic domain ΩP . This normal vector field is also utilized for all projections
between the interfaces ΓP,ch and Γ
S,c
h . Subsequently, n˜
j is the nodal smoothed normal vector, λj
the nodal discrete component of the Lagrange multiplier λ, gj the nodal weighted gap, and ψjδ the
nodal shape function of the test function δλ on the interface ΓP,ch .
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In order to take into account the change in the contact state depending on the relative traction
(see hI in (28)) and to allow for a continuous transition between “active” dual mortar contact nodes
and the Nitsche coupling method on ΓFS or ΓFP , the nodal fluid pressure force and its normal
component is evaluated:
f j =
〈
N j , pPnP
〉
ΓP,c
〈N j , ψj〉ΓP,ch
, f jn = f
j · n˜j . (41)
Herein, N j are the nodal shape functions applied for the discretization of the test function δuP on
the discrete boundary of the porous domain ΩP . It should be pointed out that f j and f jn is non-zero
just for nodes, which are adjacent to contacting boundary elements, due to the integration on the
“active” part of the contact interface ΓP,c.
By incorporating the complementary function and restricting the discrete Lagrange multiplier
with nodal shape function ψj , as well as its corresponding test function to the “active set” and in
normal direction:
λA =
∑
j
ψjλj with λj · (I − n˜j ⊗ n˜j) = 0 and λj = f j if (λjn − f jn − cngj) < 0,
δλA =
∑
j
ψjδδλ
j with δλj · (I − n˜j ⊗ n˜j) = 0 and δλj = 0 if (λjn − f jn − cngj) < 0, (42)
the contribution of the contact constraints can be written as:
WPS,c
[(
δuS , δuP , δλA
)
,
(
uS ,uP ,λA
)]
=
−
〈
δuP − δuS ,−λA
〉
ΓP,ch
+
〈
δλA,
(
xSΓ − xPΓ
)〉
ΓP,ch
. (43)
Herein, the first term originates from the standard Galerkin interface terms of (1) and (11) by
inserting the dynamic equilibrium (25) and representing the interface traction as λA. It should be
pointed out that the second term includes the constraint (23) due to the restriction into normal
direction (42) of the test function.
For the Lagrange multiplier, dual shape functions are applied. This allows for an efficient
condensation of the Lagrange multiplier from the final system and, therefore, to a reduction of the
final system size being solved, as well as removal of the saddlepoint structure of the final system.
Details on these aspects can be found in [31]. For the discretization of the test function δλ, standard
shape functions were used, leading to a Petrov-Galerkin type of Lagrange multiplier interpolation,
details can be found in [67].
5.4.1. Nitsche-based method for fluid mass balance on contact interface In addition to the classical
contact constraints, the fluid mass balance (24) on the contact interface has to be fulfilled. For this
purpose, a Nitsche-based method with the following contributions to the weak form is applied once
again:
WPS,f [(δvP , δuP , δpP ) , (vP ,uP , pP )] = 〈δvP , pPnP 〉
ΓP,c
,
−
〈
δpP , φ
(
vP − ∂u
P
∂t
)
· nP
〉
ΓP,c
+
1
γP
〈(
δvP − δuP ) · nP ,(vP − ∂uP
∂t
)
· nP
〉
ΓP,c
.
(44)
Herein, the first term is the consistency term arising from the derivation of the weak form from (10).
The second line includes a skew-symmetric adjoint consistency term and finally a penalty term
with a sufficiently small positive penalty parameter γP . The motivation for adding these different
contributions is already depicted in Sections 5.2 and 5.3.
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5.5. Final coupled system for the rough FSCI problem
Finally, summing up all contributions arising from the different domains and interfaces described
in the last sections yields the following discrete weak form of the rough FSCI problem that is to be
solved.
Find
(
uS ,vF , pF ,vP ,uP , pP ,λA
)
such that ∀
(
δuS , δvF , δpF , δvP , δuP , δpP , δλA
)
:
WS [δuS ,uS]
+WF [(δvF , δpF ) , (vF , pF )]+WFS [(δvF , δpF ) , (vF , pF )]+WFG [(δvF , δpF ) , (vF , pF )]
+WP [(δvP , δuP , δpP ) , (vP ,uP , pP )]+WPS [(δvP , δpP ) , (vP , pP )]
+WFSI [(δuS , δvF , δpF ) , (uS ,vF , pF )]
+WFPI [(δvF , δpF , δvP , δuP , δpP ) , (vF , pF ,vP ,uP , pP )]
+WPS,c
[(
δuS , δuP , δλA
)
,
(
uS ,uP ,λA
)]
+WPS,f [(δvP , δuP , δpP ) , (vP ,uP , pP )] = 0.
(45)
This semi-discrete form is discretized in time by a one-step-θ scheme, with equal θ for each present
time derivative and solved for each timestep n separately in the time interval [t0, tE ]. This leads
to a system of nonlinear equations of the form R = 0 for each timestep, which is solved by a
Newton-Raphson based procedure:
C =
∂R
∂x
, Cin+1 ·∆xi+1n+1 = −Rin+1, xi+1n+1 = xin+1 + ∆xi+1n+1. (46)
The whole system is solved in a monolithic approach, where all nodal unknowns of all fields x are
solved and updated within the same iteration i. As soon as the a convergence criteria ||R|| <  for a
sufficiently small tolerance  is reached, the iterations are stopped and the next timestep is computed.
Algorithmic details on the solution procedure for the fixed-grid fluid-structure interaction can be
found in [37] and provide the basis for the algorithm applied here.
6. NUMERICAL EXAMPLES
In this section, numerical examples are presented to analyze the behavior of the proposed model.
First, a configuration for a typical leakage flow scenario is analyzed, followed by a squeeze-out
flow of two contacting bodies. Finally, a non-return valve, with focus on the dynamic “closing” and
“opening” behavior, is investigated. All results presented in the following have been computed with
the multiphysics code environment BACI (see [68]).
In the following, some remarks on algorithmic details are given, which are applied to solve the
numerical examples.
• Due to the weak enforcement of the contact constraints by the Mortar methods, the distance
between both involved discrete contacting interfaces is not zero at every spatial point. As a
result, tiny disconnected fluid domains would arise, which are just a numerical artifact. To
avoid this issue, “islands” smaller than a specific size are neglected and do not contribute to
the fluid interfaces ΓFS ,ΓFP , but to the contact interface ΓP,ch .• All numerical examples are discretized with 3D-hexahedral trilinear elements. For 2D
examples, one element layer in the third axial direction is applied. All degrees of freedom
in the third direction are set to zero and removed from the final system of equations.
• It should be pointed out that not all contributions of the linearization matrix C in (46)
are considered to solve the system for the numerical examples presented in the next
section. Especially linearizations of the fluid weak form WF and interface contributions
WFSI ,WFPI , w.r.t. to the interface position are neglected and treated in a fixed-point
fashion.
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• To avoid non-essential geometric operations, the update of the geometric intersection of
computational fluid mesh and the interfaces ΓFS , ΓFP and ΓPS,c during the nonlinear
iterations is only performed as long as the displacement increments are above a specified
tolerance.
To avoid multiple repetition, in the following, some common setup details for the examples shown
here are depicted first.
• The initial state of all examples in the following is the zero-state: u˚S = v˚S = v˚F = u˚P =
v˚P
S
= vP = 0.
• The dependence of fluid resistance and deformation in the poroelastic media is modeled by an
adaption of the Kozeny-Carman formula (see e.g. [43]). For the assumption of isotropy, the
following relation holds for the material permeability:
K = KI = K˚
1− φ˚2
φ˚3
(
JPφ
)3
1− (JPφ)2 I, (47)
where K˚ is the initial scalar permeability.
• The proportionality factor of the Beavers-Joseph condition is computed based on [52] and
modified for the 3D case:
κ =
√
tr(K)√
3αBJµF
, (48)
where αBJ is a positive constant which has to be verified experimentally.
• The dual shape functions of the contact Lagrange multiplier φj are based on the boundary
elements of the poroelastic domain, where the index j specifies a specific computational node
on this discrete boundary.
In the following, if not necessary, there is no distinct separation between solid uS and poroelastic
displacements uP , fluid vF /pF and poroelastic vP /pP velocities / pressure, as this eases the
visualization and the interpretation of the computed results.
6.1. Leakeage test
The first example analyzes the properties of the presented model for leakage flows. The setup of the
problem can be seen in Figure 7, where two fluid domains with different fluid pressure levels are
connected solely by the fluid-saturated rough surface domain of two contacting elastic bodies.
To allow for a qualitative comparison with measurements, the dimension and material parameters
of the problem are closely related to the experiment in [69]. Therein, a water filled glass cylinder
with a rubber ring on the bottom is pressed by a given force onto a rough hard solid. A defined water
column in the glass cylinder allows them to specify the fluid pressure difference in the experimental
setup. Here, we consider a plane slice of the circular leakage configuration, all dimensions and basic
boundary conditions can be found in Figure 7.
The pressure difference between inflow and outflow boundary is applied by a prescribed traction-
Neumann boundary condition on Γin (see fluid stress in Figure 8 (left)) and a zero-Neumann
boundary condition on Γout. Fluid velocities on both boundaries in tangential direction are
prohibited by a tangential-Dirichlet boundary condition. To analyze the resulting leakage flow
for a range of solid contact pressure, a time-dependent solid stress is prescribed on boundary
Γp as Neumann boundary condition (see solid stress in Figure 8 (left)). Motion in tangential
direction on the boundary Γp is blocked. Interfaces ΓFS and ΓFP (with αBJ = 1.0) are handled
by the methods presented in Sections 5.2 and 5.3, respectively. As the focus of this example is on
presenting the behavior of the poroelastic layer during rough surface contact, contact between the
domains ΩS1 ,ΩS2 , and ΩP is considered directly by matching of the computational nodes and the
corresponding displacements uS and uP on the common interfaces ΓPS .
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Figure 7. Geometry and boundary conditions for the leakage flow.
In domain ΩF , water with fluid material properties at a temperature of 20◦C, density ρF =
1000kg/m3, and dynamic viscosity µF = 10−3Pa · s is considered. The material behavior of the
solid domains ΩS1 and ΩS2 is modeled by the Neo-Hookean material model with the hyperelastic
strain energy function:
ψS = c
[
tr
((
F S
)T
· F S
)
− 3
]
+
c
β
((
JS
)−2β − 1) , c = E
4(1 + ν)
, β =
ν
1− 2ν . (49)
In domain ΩS1 , the Young’s modulus is E1 = 2.3MPa and the Poisson ratio ν1 = 0.49. In domain
ΩS2 , E2 = 2300MPa and ν2 = 0.3 are given. The initial density is chosen to be equal to the fluid
density in both solid domains ρS0 = ρ
F = 1000kg/m3. As no direct computation of the poroelastic
material parameters for these specific rough surfaces is performed, all parameters of the poroelastic
layer are chosen in a physically plausible range. The initial porosity is set to φ˚ = φ(t = 0) = 0.5
being constant in space for the poroelastic layer ΩP . To describe a typical macroscopic material
response for homogenized contact of rough surfaces, the macroscopic material behavior of the
poroelastic layer is modeled by the following strain energy function (see Remark in Section 3.3):
ψP,skel = c
[
tr
((
F P
)T
· F P
)
− 3
]
+
c
β
((
JP
)−2β − 1)+ c˜ [tr((F P)T · F P)− 3]α ,
c =
EP
4(1 + νP )
, β =
νP
1− 2νP .
(50)
The parameters are: EP = 0.25MPa, νP = 0.0, c˜P = 0.25MPa, αP = 8. The additional
contributions to the strain energy function are
ψP,vol = κP
[
(1− φ)JP
1− φ˚ − 1− ln
(
(1− φ)JP
1− φ˚
)]
, ψP,pen = ηP
[
JPφ
φ˚
− 1
φ˚
− ln
(
JPφ
φ˚
)]
,
(51)
with the parameters κP = 0.8MPa and ηP = 1kPa. Considering the resulting leak rate of the
rough microstructure in [69], the initial material permeability is set to K˚ = 4.6 · 10−4mm2.
For time discretization, the backward Euler scheme (θ = 1.0) with a timestep length of ∆t =
0.05s is applied. As the computation is performed with one layer of 3-dimensional hexahedral
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Figure 8. Applied solid stress on boundary ΓP , fluid stress on boundary Γin and the computed stationary
leak rate in cross-section A−A (left). Comparison of the computed stationary leak rates for different solid
stresses and constant fluid stress of 10kPa with measured leak rates from [69] (right).
Figure 9. Pressure solution for the domains ΩF and ΩP , displacement solution for domain ΩS1 and ΩS2
at solid stress of 90kPa and t = 11s. The black lines indicate the discretization with trilinear hexahedral
elements.
elements in direction orthogonal to the 2-dimension plane, all computed leak rates are divided by
the thickness in this direction.
To allow for a comparison of the computed leak rate with measured data in [69] for “sandpaper
120”, measured leak rates are divided by the average circumference to compare leak rate per unit
depth. The computed leak rates are calculated in cross section [A−A] of the poroelastic layer (see
Figure 7):
leak rate =
∫
[A−A]
φ
(
vP − ∂u
P
∂t
)
· n[A−A]d[A−A]. (52)
In Figure 8 (left), the computed temporal instationary leak rates are presented. After an instationary
phase until t = 5s, the fluid stress is kept constant. The solid stress is increased discontinuously and
kept constant for ∆tconst = 1s. Figure 8 (right) shows a comparison of the computed stationary
leak rates (last computed leak rate for each solid stress level), with the measured data in [69]. The
excellent agreement shows that the influence of elastic deformation due to the contact stress on the
fluid flow in the rough layer can be modeled by the presented poroelastic model.
Figure 9 shows the overall pressure solution for the fluid domains as well as the displacement
solution in the structural domains. As intended, there is no observable pressure gradient in the fluid
domain ΩF and the entire pressure drop takes place in the poroelastic layer.
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Figure 10. Porosity of the deformed poroelastic layer: from top to bottom solid stress =
15, 45, 75, 105, 135, 165, 195kPa (element-wise constant visualization).
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Figure 11. Geometry and boundary conditions of the rough surface contacting stamp example.
Figure 10 shows a visualization of the deformation of the poroelastic layer and the porosity for
different solid stress levels. It can be observed that for small solid stress, hardly any deformation
can be observed and the porosity is close to the initial porosity. Increasing the solid stress leads to a
compression of the layer and for the relatively small fluid resistance, to a reduction of the porosity.
The smaller cross section and the increased flow resistance (change in permeability) leads to the
reduction of the leak rate for higher solid stress.
6.2. Rough surface contacting stamp
We analyze the rough surface contact behavior of an elastic stamp with a circular contacting surface
impacting on a stiff but elastic foundation. The setup consists of a stamp in solid domain ΩS1
and the foundation with solid domain ΩS2 coated with a poroelastic layer ΩP to consider surface
roughness. Both bodies are embedded in a fluid ΩF . The geometry with all dimensions as well
as basic boundary conditions can be found in Figure 11. To allow a distinct evaluation of the
stamp impact as well as the lift off behavior, undesired vertical fluid loads acting on the stamp
are prevented by a vertical linear slide. On the interfaces ΓFS , ΓFP (with αBJ = 1.0), ΓPS , and
ΓPS,c, the interface conditions are incorporated by the methods presented in 5.2, 5.3, and 5.4.
Starting from this initial configuration, an increasing solid stress of maximum 2kPa is applied
on boundary ΓS,N , which leads to a squeeze-out motion of the fluid, and finally contact occurs.
Afterwards, the fluid stress is increased on boundaries ΓF,N with a maximum value of 2.02kPa,
which is slightly above the maximum solid stress. The time-dependent solid and fluid stress are
shown in Figure 12 (left). As soon as the local fluid pressure in the poroelastic layer exceeds the
contact stress, the bodies will lift off in this local position. As a higher fluid stress than solid stress
is applied, the whole stamp lifts off and finally moves upwards.
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Figure 12. Time dependent solid and fluid stress on the boundaries ΓS,N and ΓF,N (left). Fluid pressure,
velocity (black arrows) and displacement (deformed domain) solution for t = 0.2s and visualization of the
computational mesh (right).
The fluid material parameters are ρF = 1.0kg/m3 and µF = 1.0Pa · s. The material behavior of
the solid domains as well as the macroscopic material behavior of the poroelastic layer are modeled
by the Neo-Hookean material model with the hyperelastic strain energy function:
ψS = ψP,skel = c
[
tr
((
F S
)T
· F S
)
− 3
]
+
c
β
((
JS
)−2β − 1) ,
c =
E
4(1 + ν)
, β =
ν
1− 2ν . (53)
The Young’s modulus E and the Poisson ratio ν in solid domain ΩS1 is: E1 = 20kPa, ν1 = 0.3, in
domain ΩS2 : E2 = 2000kPa, ν2 = 0.3, and in the poroelastic domain ΩP : EP = 10kP, ν = 0.0.
The additional volume and penalty contributions to the strain energy function of the poroelastic
domain with parameters κP = 1000kPa, ηP = 1.0Pa are:
ψP,vol = κP
[
(1− φ)JP
1− φ˚ − 1− ln
(
(1− φ)JP
1− φ˚
)]
, ψP,pen = ηP
[
JPφ
φ˚
− 1
φ˚
− ln
(
JPφ
φ˚
)]
.
(54)
The initial porosity and permeability is φ˚ = 0.5 and K˚ = 10−2m2, respectively. The backward
Euler scheme is applied for time discretization, with an appropriate timestep length of ∆t =
0.1s, 0.01s or 0.001s, depending on the system dynamics.
In Figure 12 (right) the spatial discretization (consisting of one layer of 3D-trilinear hexahedral
elements) is visualized by the black lines, the solid and poroelastic elements “cut out” the non-
physical part of the non-matching fluid elements. Furthermore, the overall computed solution for
t = 0.2s is visualized, where fluid outflow on ΓF,N occurs due to the structural induced pressure
gradient.
An examination of the contacting phase at two different points in time is provided in Figure 13,
which shows a detailed view of the contacting zone. It should be pointed out that in all following
figures, the velocity amplitude is specified by the arrow length and the color code but not by the
density of arrows. The zone with an increased density of arrows indicates the poroelastic layer,
arising from the finer spatial resolution compared to the fluid domain. At t = 0.2s, the motion of
the stamp due to structural stress on ΓS,N displaces the fluid from the contacting zone. As the gap
between stamp and foundation is still larger than the roughness height, the significant part of the fluid
mass transport happens in the free fluid domain ΩF . This is a result of the similar pressure gradient in
the roughness layer and the free fluid. At t = 0.71s, there is already partial contact between the solid
stamp and the poroelastic layer. The fluid pressure increased significantly, as the fluid mass transport
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Figure 13. Fluid pressure and velocity (arrows) and displacement (deformed domain) solution in contacting
phase at time t = 0.2 (top) and t = 0.71 (bottom).
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Figure 14. Fluid pressure and velocity (arrows) and displacement (deformed domain) solution in lift-off
phase at time t = 4.005 (top) and t = 19.945 (bottom).
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happens mainly in the poroelastic roughness layer with higher flow resistance than pure fluid in ΩF .
Compared to the velocities at t = 0.2s, the maximum value of the fluid velocity increased due to the
higher pressure gradient. Until t = 1.0s, a compression of the poroelastic roughness, which leads
to a reduction of the porosity and an outflow of fluid mass, can be observed, due to the increasing
solid stress. The increase of fluid stress, starting at t = 2.0s, causes the inverse behavior with an
inflow into the contacting area. Details of this lift-off phase can be seen in Figure 14. At t = 4.005s,
the prescribed fluid stress reached its maximum. Due to the flow resistance in the rough surface
layer, the pressure in the contacting zone is still significantly lower than the prescribed fluid stress.
As the lift-off occurs from outside to inside, most of the fluid flow occurs on both outer regions.
This leads to a very small pressure gradient and negligible flow in the center of the contacting
region. Advancing in time, the pressure in the center increases until the overall fluid force on the
stamp exceeds the prescribed value of the solid force, and the solid bodies detach completely. In
t = 19.945, both bodies moved apart from each other, with a distance greater than the roughness
layer height.
Figure 15. Left: Displacement in vertical direction of two selected computational nodes (see Figure 12 (right)
for the selected nodes), Right: contact stress and fluid pressure at selected node 3 (see Figure 12).
Figure 16. Visualization for the right half of the fluid pressure (background color) and the contact stress
(arrows) for two points in time (left) t = 0.702s, (right) t = 3.515s.
In Figure 15 (left), the computed displacements for two selected nodes, at the left of the stamp, are
plotted. Due to the solid stress, both nodes moved down in vertical direction, until node 2 contacts
with solid body ΩS2 and there is just a small motion due to the compression of the poroelastic layer.
It can be observed that node 1 moved for a longer period in time and reaches a larger displacement
maximum, due to the elastic deformation of the stamp. As there is an increase in fluid pressure for
2.0s ≤ t ≤ 4.0s, both points start moving upwards again. After the velocity in both nodes increases
due to the local deformation in this area, a smaller velocity which is similar in both points can be
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Figure 17. Boundary conditions and geometry of the non-return valve.
observed. Finally, the rising distance between both bodies leads to an increase of the fluid force on
the structural bodies and therefore an acceleration of the stamp.
Figure 15 (right) shows a comparison of the fluid pressure and the contact stress at the selected
computational node 3. Starting from zero, the fluid pressure increases linearly due to the linearly
rising prescribed solid stress on ΓS,N . As soon as contact occurs at this local point, the contact stress
raises from zero to the actual level of the fluid pressure and increases linearly to the maximum stress
in this computational node. The inherent reduction of impact velocity and, therefore, the reduced
fluid mass displacement results in a significant reduction of fluid pressure. Until t = 1.0s a smaller
pressure is still present due to the increasing solid stress. Starting from t = 2.0s, the fluid stress
is increased, which leads to a local lift-off of the outer parts of the stamp, which also reduces the
contact stress in the point. As soon as the fluid pressure reaches the contact stress, this point gives
up the contact constraint and the entire stress between the solid bodies is exchanged via the fluid.
In Figure 16, the area of the “active” contact constraint is visualized. Nodes of the interfaces,
where the contact stress arrows are visible, are contained in the set of active Lagrange multipliers
λA. It can be seen that on the borders of this area, the value of fluid pressure and contact stress
are very close. For t = 0.702, which is during the contacting phase, one further aspect should be
mentioned: It can seen that at this point in time there is no contact in the center of the stamp. This
results from the elastic deformation of the stamp, due to the maximum pressure in the center. This
fluid island vanishes later by fluid mass flow through the poroelastic roughness layer.
6.3. Non-return valve
In the third example, a non-return valve is considered. The elementary valve that is analyzed blocks
the flow in one direction, but enables the flow in the other direction. All basic boundary conditions
and the geometry can be found in Figure 17. The valve consists of an ellipsoidal shaped membrane
ΩP ∪ ΩS1 and a solid support ΩS2 . Not occupied by these domains and filled by fluid is the domain
ΩF . In the following, its subdomains to the left and right of the membrane are referred to as
inflow and outflow domain, respectively. Interfaces, boundary conditions, and dimensions are only
defined once, but are still appropriate for the upper and lower part as the valve is symmetric. On
the Neumann boundaries ΓF,N1 and ΓF,N2 , the fluid traction is prescribed, which leads to a flow
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Figure 18. Computational mesh for all physical fields and detailed view of the smallest constriction.
Hexahedral elements are indicated by black lines (left). Prescribed time-dependent Neumann fluid stress
on inflow boundary ΓF,N1 and outflow boundary ΓF,N2 . Upper diagram shows the applied load case to
analyze a dynamic “valve closing” process. The lower diagram shows the prescribed load to analyze the
valve behavior in “open direction” (right).
through the valve. To depict the functional principle, the desired behavior for two different flow
configurations is described. In the case that the fluid pressure on ΓF,N1 is higher than on ΓF,N2
(“open direction”), the elastic membrane deforms and increases the size of the smallest constriction
between ΩP and ΩS2 . This reduces flow resistance through the valve for an increasing pressure
difference between inflow and outflow. If the fluid pressure on ΓF,N2 is higher than on ΓF,N1
(“blocking direction”), deformation of the elastic membrane reduces the size of the constriction
and therefore increases flow resistance. At a specific pressure difference, membrane ΩS1 ∪ ΩP and
support ΩS2 come into contact, and the entire leakage flow has to pass through the rough layer. This
flow rate is intended to be small compared to the flow rate in “open direction”.
As fluid, water with a density ρF = 1000kg/m3 and a dynamic viscosity µF = 10−3Pa · s is
considered. A Neo-Hookean material (see equation (49)) is applied to model the solid behavior with
Young’s modulus and Poisson ratio of E1 = 2.3MPa, ν1 = 0.49 and E2 = 2.3MPa, ν2 = 0.3 in
ΩS1 and ΩS2 , respectively. The initial density is equal to the fluid density ρS0 = ρ
F = 1000kg/m3.
The poroelastic domain ΩP is specified by a spatially constant initial porosity φ˚ = φ(t = 0) =
0.5 and a spatially constant initial material permeability K˚ = 4.6 · 10−5mm2. The macroscopic
material response of the poroelastic layer is given by the strain energy functions (50) and (51)
with parameters EP = 0.25MPa, νP = 0.0, c˜P = 0.25MPa, αP = 8, κP = 0.8MPa, and ηP =
1kPa. For discretization in time, the backward Euler scheme is applied with timestep lengths of
∆t = 2 · 10−4s, 5 · 10−5s, 2.5 · 10−5s, or 1.25 · 10−5s, depending on the dynamic response of the
system.
The spatial discretization of all physical domains, consisting of one layer of 3D-trilinear
hexahedral elements, is visualized in Figure 18 (left). The poroelastic layer ΩP with height δ is
discretized by three layers of elements , which can be recognized in detail in Figure 20. Due to the
symmetric configuration, only the half domains are discretized and consulted for the computations.
On the arising symmetry boundary, the flow in normal direction is prohibited. In Figure 18 (right),
the prescribed fluid stress for two different cases is plotted. The first case is designed to analyze
the dynamic “valve closing” behavior. Additionally it includes two sinusoidal-shaped peaks to
determine the dynamic reaction of the valve on spurious pressure variations. The load peaks are
initiated at t = 0.075s and t = 0.08s for a time span of ∆t1 = 0.00125s and ∆t1 = 0.0025s,
respectively. Case two analyzes the flow in “open direction” for constant fluid stress difference
between inlet and outlet boundary.
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Figure 19. “Valve closing”: Computed fluid pressure and solid deformation, left t = 0.07s, right t =
0.0836s.
Figure 20. “Valve closing”: Detailed view of the smallest constriction. Fluid pressure and convective velocity
(black arrows)
(
vP − ∂u
P
∂t
)
in the poroelastic domain during dynamic valve closing process for five
instances in time. The black lines indicate the computational mesh of the poroelastic layer. From left to right
t = 0.008s, t = 0.012s, t = 0.07s, t = 0.077s, and t = 0.0827s.
Figure 21. “Valve closing”: Flow rate per unit depth on the inflow boundary ΓF,N1 and the outflow boundary
ΓF,N2 .
First the computed results for the case “valve closing” are presented. Figure 19 shows the pressure
field and deformation of the valve for two instances in time. At t = 0.07s, an approximately
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stationary solution for the flow through the closed valve can be observed. Contact occurs between
the membrane and the support. The overall leakage flow through the valve is small. Thus, pressure
in the inflow and outflow domain is almost constant and corresponds approximately to the applied
boundary conditions. The pressure drop occurs mainly in the poroelastic layer. A lifting of the
membrane from the support and therefore a temporal opening of the valve at t = 0.0836s occurs,
due to the second applied sinusoidal-shaped fluid stress peak at the inflow boundary. Here, contrary
to the stationary case (t = 0.07s), pressure gradients in the flow domain can be observed. This
occurs from the fluid motion induced by deformation of membrane and support.
Figure 20 shows a detailed view onto the smallest constriction between membrane and support.
Due to the simultaneous increase of fluid stress (up to a value of 10kPa) on inflow and outflow
boundary, mainly pure compression of all solid domains occurs, which leads to negligible fluid
velocities (see t = 0.008s). At t = 0.012s, the membrane moves towards the solid support induced
by the fluid pressure. This leads to a fluid flow through the roughness layer away from the narrowest
position of the fluid domain. For the approximately stationary solution at t = 0.07s, a flow from the
high pressure outflow domain through the poroelastic layer into the low pressure inflow domain can
be observed. This flow corresponds to the leak rate of the investigated valve. The first fluid stress
peak (∆t1 = 0.00125s) leads to a loss of contact. At t = 0.077s, the maximum distance between
membrane and support solid for this first peak occurs. Here, an increase of fluid velocity through
the expanded poroelastic layer, due to the vanishing contact stress, as compared to the stationary
situation can be observed. The second load peak leads to a pronounced lift-off of the membrane.
During the lift-off phase at t = 0.0827s, fluid mass enters the smallest constriction. This process is
portioned between the pure fluid domain and the poroelastic domain.
To quantify the performance of the non-return valve, the flow rates through inflow ΓN,1 and
outflow ΓN,2 boundary are computed. In (55), a unique normal vector nΓ
N,1−>ΓN,2 , pointing in
designated flow direction of the “open” valve, is applied for both boundaries.
flow rate =
∫
ΓN,i
vF · nΓN,1−>ΓN,2dΓN,i, i = 1, 2 (55)
Figure 21 (left) shows the computed flow rates during the dynamic closing process. Until t =
0.075s, compression of the solid bodies, due to the pressure increase, leads to inflow on both
boundaries. Due to the dynamic impact of the membrane on the solid support, recurring deformation
of the membrane is initiated. This leads to a change in volume in the inflow and outflow domain and
therefore to decaying oscillations of both measured flow rates. The average stationary flow/leak rate
computed between t = 0.066s and t = 0.0724s is 52.4mm3/s. Figure 21 (right) shows the flow
rates during and after the prescribed load peaks. Although the first stress peak does not lead to a
significant lift-off of the membrane, its deformation and the associated change of volume in the
inflow and outflow domain leads to high flow rates on both boundaries. Finally, due to the longer
excitation phase, the second fluid load peak leads to more pronounced flow rate peaks, which are
decaying in time.
Figure 22 depicts the computed solution for the second case (“open direction”) at four different
instances in time. The present pressure difference deforms the membrane and increases the size
of the smallest constriction. At t = 0.026, the evolution of a vortex behind the membrane can
be observed. The motion of this vortex towards the symmetry plane of the valve can be seen at
t = 0.035s. For t = 0.05 and t = 0.09s, a complex non-stationary flow pattern can be observed. It
should be pointed out that assuming a symmetric flow field behind the membrane might influence
the computed flow rates for this open valve configuration.
In Figure 23 (left), the computed flow rates on the inflow and outflow boundary are shown. After
t = 0.0075s, the flow through the valve develops and similar flow rates for the inflow and outflow
boundary can be observed. Due to the previously described development of fluid vortices and its
influence on the membrane deformation, no stationary flow rate can be observed. The average
flow rate, evaluated between t = 0.04s and t = 0.1s, is 8087mm3/s. Figure 23 (right) shows the
difference between the inflow and outflow flow rate. This difference occurs due to the compression
of the solid support and the membrane. At the initial phase, pure inflow into the system occurs due
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Figure 22. “Open direction”: Fluid pressure and velocity (black arrows) at four different steps in time. From
top-left to bottom-right t1 = 0.026s, t2 = 0.035s, t3 = 0.05 and t4 = 0.09.
Figure 23. “Open direction”: Flow rate per unit depth on the inflow boundary ΓF,N1 and the outflow
boundary ΓF,N2 (left) and the flow rate difference between inflow and outflow (right).
to the pressure increase until t = 0.025s. Later in time, oscillations with a vanishing mean value
occur. This corresponds to a sequence of compression and expansion phases of the solid domains
due to the time-dependent fluid loads.
7. CONCLUSION
In this contribution, we presented the first numerically and physically consistent model for fluid-
structure-contact interaction. In order to obtain a consistent physical model it incorporates effects
originating from the rough microstructure of potentially contacting surfaces into the fluid-structure-
contact interaction (FSCI) framework. In our model, the domain saturated by fluid and including all
solid asperities of the rough surfaces is homogenized and finally results in a poroelastic layer. By
coating potentially contacting elastic bodies with this poroelastic layer, the effects of rough surface
contact submersed in a fluid can be considered without resolving the surface microstructure in the
macroscopic problem setup.
The governing equations for the involved structural, fluid, and poroelastic domains as well as
appropriate coupling conditions on the interfaces were depicted. The numerical treatment of the
coupled problem based on the FEM was presented, where the CutFEM with “ghost penalty”
stabilization was applied to solve the incompressible Navier-Stokes equations in the physical fluid
domain on a non-matching computational mesh allowing to consistently going to the limiting case
of a zero gap without numerical tricks. This enables the numerical method to allow for a smooth
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transition throughout topological changes in the fluid domain for contacting and non-contacting
solid bodies. Due to the non-matching of interfaces and computational fluid mesh, all interface
conditions were enforced weakly by Nitsche-based methods. Furthermore, the dual mortar method
was applied to incorporate contact of elastic bodies into the rough FSCI model.
Finally, three different numerical examples were presented to show the capabilities of the
presented model. The first was a typical configuration to analyze the behavior of the rough FSCI
model for lubrication flow in comparison with measured data. The second configuration focused
on the contacting and “lift-off” behavior of two colliding bodies as well as the “squeeze-out” flow
behavior. In the final numerical example, the dynamic analysis of a non-return valve in “closing”
and “opening” flow direction was presented.
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